We have asked whether loss of the Ca 2ϩ sensor protein synaptotagmin I influences the total amount of neurotransmitter released after a presynaptic action potential. Hippocampal neurons from synaptotagmin I knock-out mice had a greatly reduced fast synchronous component of glutamate release, as reported previously. However, the amount of glutamate released during the slow asynchronous component increased in these knock-out neurons. As a result of these changes in the kinetics of release, there was no significant difference between wild-type and knock-out neurons in the total amount of transmitter released within 400 msec after a presynaptic stimulus. Fluorescence imaging experiments demonstrated that wild-type and knock-out neurons take up and release similar amounts of FM dye after depolarization, indicating normal amounts of synaptic vesicle trafficking in the knock-out neurons. These results indicate that synaptotagmin I knock-out neurons are fully capable of releasing neurotransmitter, with the increased slow component of release serving to compensate for loss of the fast component. Thus, synaptotagmin I synchronizes the rapid release of neurotransmitters after Ca 2ϩ entry into presynaptic terminals and also appears to suppress the slower, asynchronous form of transmitter release.
Introduction
Synaptic transmission relies on the synchronous release of neurotransmitters after a presynaptic action potential. Presynaptic activity causes an influx of calcium ions (Ca 2ϩ ), which serve as a second messenger for triggering neurotransmitter release. Understanding the molecular mechanisms of neurotransmitter release requires identification of the presynaptic molecules that serve as Ca 2ϩ sensors. The best candidate for this role is the synaptic vesicle protein synaptotagmin I (Augustine, 2001; Chapman, 2002; Südhof, 2002; Koh and Bellen, 2003) . Synaptotagmins are a large family of integral membrane proteins with a cytoplasmic region that contains two copies of a Ca 2ϩ -binding motif called the C 2 domain (Südhof, 2002) . These C 2 domains work in coordination with membrane phospholipids to confer Ca 2ϩ binding to synaptotagmin (Brose et al., 1992; Sutton et al., 1995; Fernandez et al., 2001) . Although both C 2 domains of synaptotagmin are capable of binding Ca 2ϩ , binding to the second C 2 domain (C 2 B) of synaptotagmin I seems to play a more important role (Fernández-Chacó n et al., 2002; Mackler et al., 2002; Robinson et al., 2002; Stevens and Sullivan, 2003) . Ca 2ϩ binding triggers rapid changes in the biochemical properties of synaptotagmin, most notably causing rapid binding to several molecular components involved in membrane fusion, including SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins and membrane lipids (Davis et al., 1999; Bai et al., 2004a,b) .
Several lines of evidence support the involvement of synaptotagmin I in Ca 2ϩ -dependent neurotransmitter release. The main evidence is that synaptic transmission is greatly attenuated after perturbation of synaptotagmin function. For example, presynaptic injection of synthetic peptides from synaptotagmin (Bommert et al., 1993; Fukuda et al., 2000) , microinjection of antisynaptotagmin antibodies , and knockout of synaptotagmin genes in flies, nematodes, and mice (DiAntonio et al., 1993; Littleton et al., 1993; Nonet et al., 1993; Geppert et al., 1994) all reduce the amplitude of postsynaptic responses elicited by presynaptic action potentials.
However, there are indications that Ca 2ϩ -dependent transmitter release is not completely eliminated after loss of synaptotagmins. Shoji-Kasai et al. (1992) reported that the amount of neurotransmitter release evoked by prolonged depolarization is unchanged in synaptotagmin I-deficient pheochromocytoma 12 (PC12) cells. In mouse hippocampal neurons, knock-out of the synaptotagmin I gene does not eliminate a slow asynchronous component of evoked transmitter release , and this component is reported to increase after knock-out of synaptotagmin from Drosophila neurons (Yoshihara and Littleton, 2002 ). Thus, it is possible that loss of synaptotagmin I does not eliminate transmitter release but instead reduces the peak amplitude of postsynaptic responses simply by desynchronizing release relative to the presynaptic stimulus. To consider this possibility, we have examined transmitter release from hippocampal neurons cultured from synaptotagmin I knock-out mice and have indeed found that the total amount of transmitter release is unchanged after knock-out of synaptotagmin. This indicates that the role of synaptotagmin I in mouse neurons is to synchronize neurotransmitter release in response to presynaptic action potentials rather than to control the absolute amount of release.
Materials and Methods
Cell culture. Heterozygous synaptotagmin I-deficient mice, produced by Geppert et al. (1994) , were purchased from The Jackson Laboratory (Bar Harbor, ME). Procedures used to maintain and use these mice were approved by the Duke University Animal Care and Use Committee. Newborn pups (postnatal day 0) were genotyped by PCR and then killed to prepare hippocampal neurons, as described by Gitler et al. (2004) . Microisland cultures of hippocampal neurons were prepared as described previously (Bekkers and Stevens, 1991; Feng et al., 2002) , with the addition of glia feeder cells to support neuronal survival. Neurons were allowed to mature for 9 -13 d before being used for electrophysiological recordings.
Electrophysiology. Whole-cell patch-clamp recordings were made from single neurons on microislands, as described by Feng et al. (2002) . Patch pipettes (2-3 M⍀) were filled with intracellular solution containing (in mM): 50 K-glutamate, 71 K-gluconate, 15 NaCl, 6 MgCl 2 , 2 EGTA, 5 Na 2 ATP, 5 Na 2 GTP, and 20 HEPES-KOH, pH 7.3 (285 mOsm). The extracellular solution contained (in mM): 150 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 20 glucose, and 10 HEPES-NaOH, pH 7.3 (300 mOsm). Neurons were voltage clamped at Ϫ70 mV with a PC-501 amplifier (Warner Instruments, Hamden, CT) and stimulated by depolarizing to ϩ20 mV for 0.8 msec every 5 sec. Only cells with series resistances of Ͻ15 M⍀ were analyzed, with 60 -70% of this resistance compensated.
FM dye imaging experiments. Neurons were plated onto poly-D-lysinetreated coverslips at a density of 4 ϫ 10 4 cells/cm 2 and examined with an inverted fluorescence microscope (IX 70; Olympus Optical, Melville, NY) equipped with a 20ϫ objective (numerical aperture, 0.75), a 540 Ϯ 10 nm bandpass excitation filter, and a 590 nm long-pass emission filter. Cells were labeled with FM 4 -64 (5 M; Molecular Probes, Eugene, OR) by depolarization with an extracellular solution containing 90 mM KCl and 63 mM NaCl (high K ϩ solution) and then washed for 15 min. Dye was unloaded by treating with the high K ϩ solution (1.5 min) in the absence of extracellular dye. Images were acquired with a CoolSNAP fx cooled CCD camera (Roper Scientific, Tucson, AZ) and ESee software (Inovision, Raleigh, NC) and analyzed using ISee software (Inovision). Eight synaptic boutons were selected for analysis of each experiment, with changes in dye fluorescence determined by subtracting the fluorescence intensities measured after the high K ϩ stimulus from those measured before the stimulus.
Results

Altered kinetics of neurotransmitter release from synaptotagmin-deficient neurons
To measure the influence of synaptotagmin on neurotransmitter release, we prepared microisland cultures of hippocampal neurons from newborn synaptotagmin I knock-out mice and sibling wild-type controls. Whole-cell patch-clamp recordings were used to measure EPSCs resulting from action potentials evoked by brief depolarizations. EPSCs were large in wild-type neurons and greatly reduced in amplitude in the knock-out neurons ( Fig.  1 A) . Although the peak amplitude of EPSCs was quite variable from one autapse preparation to the next, the mean peak amplitude of EPSCs in knock-out neurons was ϳ15% of that found in wild-type neurons (Fig. 1 B) . This difference was statistically significant ( p Ͻ 0.005; Mann-Whitney test) and is similar to previous results reported for synaptotagmin I null mice and flies (DiAntonio et al., 1993; Littleton et al., 1993) .
The kinetics of neurotransmitter release was also altered after loss of synaptotagmin I. The EPSC traces illustrate that the time required for EPSCs to reach their peak was longer for knock-out neurons than for wild-type cells (Fig. 1 A) . This change was quantified by measuring EPSC peak latency: whereas ϳ90% of the EPSCs recorded from wild-type neurons peaked within 15 msec after the stimulus, Ͻ10% of the EPSCs peaked during this time period in the knock-out neurons (Fig. 1C) . The latency for EPSCs to reach their peak in individual neurons was also more variable for knock-out cells, with a coefficient of variation (SD divided by mean peak latency) 10 times larger than that of wild-type neurons ( p Ͻ 0.005) (Fig. 1 D) .
As described previously Yoshihara and Littleton, 2002; Shin et al., 2003) , the duration of EPSCs was also prolonged in knock-out neurons (Fig. 1 A) . These changes were described by integrating EPSCs over time to define the kinetics of postsynaptic charge transfer. In both wild-type and knock-out neurons, the kinetics of EPSC charge could be described by double exponential functions (Fig. 2 A) . In knock-out neurons, the time constant of the first component of release (46.3 Ϯ 5.0 msec) was 4.5-fold slower than that for the wild-type neurons (10.4 Ϯ 0.8 msec). This difference is statistically significant ( p Ͻ 10 Ϫ5 ). The time constant of the slow, asynchronous component of release was similar for both knock-out (298 Ϯ 32 msec) and wildtype (241 Ϯ 32 msec) neurons and was not significantly different ( p Ͼ 0.1). Although the amplitude of the fast component of release was much greater in wild-type neurons, the amplitude of the slow component was greater in the knock-out neurons (Fig.  2 B) . We also used a deconvolution analysis (Van der Kloot, 1988) A, EPSCs recorded from neurons from wild-type and synaptotagmin I knock-out mice. Cells were held at Ϫ70 mV, and action potentials were induced by brief depolarizations (arrows); stimulus artifacts are blanked. B, Peak amplitudes of EPSCs in wild-type (WT; n ϭ 11) and knock-out (KO; n ϭ 11) neurons. Values in this and subsequent figures indicate mean Ϯ SEM, and asterisks indicate statistically significant differences. C, D, Cumulative probabilities and coefficients of variation of EPSC peak latency from wild-type and knock-out neurons.
to independently estimate rates of transmitter release. This analysis also indicated that release consists of two kinetically distinct components of release. The relative amplitudes of these two components were identical to those determined from EPSC integrals, and their time constants were 16 -33% faster than the values determined from EPSC integrals (data not shown). These data indicate that loss of synaptotagmin I slows and attenuates the first component of release, consistent with previous reports Shin et al., 2003) . Loss of synaptotagmin I also yields an increase in the amount of slow asynchronous release, as reported in Drosophila (Yoshihara and Littleton, 2002) .
Given these changes in the kinetics of release in synaptotagmin-deficient neurons, the peak amplitude of EPSCs (Fig.  1 B) will not accurately represent the total amount of transmitter release. We therefore compared the cumulative amount of charge transfer associated with EPSCs for 400 msec after the stimulus. Remarkably, there was no significant difference ( p Ͼ 0.15) in EPSC charge between the two types of neurons (Fig. 2C ). This conclusion was unchanged when EPSC charge was determined for 1 sec after the stimulus (data not shown). Thus, although the peak amplitude and the kinetics of EPSCs depend on synaptotagmin I, the total amount of transmitter released is not significantly different despite the absence of synaptotagmin I. This appears to be attributable to a compensatory increase in the amount of slow asynchronous release after the loss of synaptotagmin I.
Unaltered FM dye uptake and release in synaptotagmin-deficient neurons
To provide an alternative measure of the amount of transmitter released from synaptotagmin knock-out neurons, we used FM dye imaging to measure synaptic vesicle exocytosis (Betz et al., 1996; Ryan, 2001 ). Wild-type and knock-out neurons were stimulated, in the presence of FM 4 -64, with an extracellular solution containing a high (90 mM) concentration of K ϩ . After extensive washing with dye-free solution containing a normal concentration of K ϩ (3 mM), presynaptic terminals were imaged to determine the extent of dye uptake (Fig. 3A) . A similar amount of dye staining was observed in synapses of both wild-type and knockout neurons (Fig. 3B, left) . Measurements of the intensity of dye fluorescence in synaptic regions showed no significant difference between wild-type and knock-out neurons ( p Ͼ 0.2) (Fig. 3C) , indicating that synapses still retain functional exocytosis and endocytosis in the absence of synaptotagmin I. To selectively examine exocytosis, stained terminals were destained by exposure to an extracellular solution containing high K ϩ but no FM 4 -64 (Fig. 3B, right) . Quantitative analysis showed that there was no significant difference ( p Ͼ 0.8) between the amount of dye destaining measured in wild-type and knock-out neurons (Fig.  3D) . Thus, loss of synaptotagmin I has no effect on the amount of stimulus-evoked exocytosis reported by the FM dye.
Discussion
We have examined neurotransmitter release from mouse neurons containing no synaptotagmin I. Although several studies have considered either the peak magnitude or the time course of transmitter release in synaptotagmin-deficient neurons, ours is the first to examine the total amount of transmitter released. Using two different methods, electrical measurements of EPSCs and FM dye imaging of vesicle exocytosis, we found that loss of synaptotagmin I does not significantly alter the total amount of transmitter release. Thus, we conclude that synaptotagmin I is not absolutely required for Ca 2ϩ -dependent synaptic vesicle exocytosis.
Although these results are somewhat surprising, given previous indications that synaptotagmin I serves as a Ca 2ϩ sensor for neurotransmitter release, our findings are consistent with previous results. For example, Shin et al. (2003) reported that within the first 100 msec after a stimulus, 233 quanta of transmitter are released from wild-type neurons and 150 quanta are released from mouse hippocampal neurons deficient in synaptotagmin I. However, these values are reported to correspond to ϳ90 and 50% of the total amount of transmitter released from wild-type and knock-out neurons, respectively, within 1 sec (Shin et al., 2003) . Thus, the total amount of transmitter released in 1 sec would then be very similar in the two genotypes; 256 quanta would be released from wild-type neurons, and 300 quanta would be released from synaptotagmin knock-out neurons. Our results are also consistent with previous findings that the amount of catecholamine release evoked by prolonged depolarization is unchanged in synaptotagmin I-deficient PC12 cells (Shoji-Kasai et al., 1992) .
We found that the amplitude of the fast component of transmitter release was much smaller (and its time constant was fivefold slower) than in wild-type neurons, consistent with previous results in mouse neurons Shin et al., 2003) . In contrast, the amplitude of the slow asynchronous component of release was increased, as described in fly neurons (Yoshihara and Littleton, 2002) . Together, these opposing changes in the two kinetic components compensated for each other, yielding no net change in the total amount of transmitter release. Because disruption of the mouse synaptotagmin I gene does not affect the size of the readily releasable pool of synaptic vesicles (Geppert et al., , 1997 Shin et al., 2003) , it appears that the loss of synaptotagmin reduces the synchronous component of release by decreasing the probability that readily releasable vesicles are able to fuse synchronously after a presynaptic action potential and simultaneously increases the probability that such vesicles will fuse asynchronously. Thus, synaptotagmin I synchronizes the rapid release of transmitter from neurons rather than controlling the total amount of release. Given the increase in asynchronous release in knock-out neurons, it is also likely that synaptotagmin I serves to suppress asynchronous release. We also propose that the increase in slow asynchronous release and concurrent decrease in fast synchronous release that is produced by synprint peptides (Mochida et al., 1996) may be attributable to these peptides binding to, and interfering with, the C 2 B domain of synaptotagmin I (Sheng et al., 1997) .
The conclusion that synaptotagmin I synchronizes rapid release rather than controlling the total amount of release initially seems at odds with the results of numerous microinjection experiments. These experiments show that synaptotagmin C 2 -domain fragments (Elferink et al., 1993) , C 2 -domain peptides (Bommert et al., 1993) , and anti-synaptotagmin antibodies Ohara-Imaizumi et al., 1997) each inhibit the total amount of vesicle fusion. In addition, at least for the case of the C 2 -domain peptides, this decrease in release is not associated with any change in release kinetics (Schweizer et al., 1998) . Asynchronous release is thought to be triggered by another high-affinity Ca 2ϩ sensor , perhaps another isoform within the synaptotagmin family (Marquèze et al., 2000; Südhof, 2002) . Thus, it is possible that these reagents inhibit synaptotagmin isoforms in addition to synaptotagmin I, thereby affecting both synchronous and asynchronous release mechanisms and reducing the total amount of release.
Our proposal that synaptotagmin I synchronizes neurotransmitter release is in full agreement with previous hypotheses that synaptotagmin I serves as the Ca 2ϩ sensor for synchronous transmitter release (Augustine, 2001; Chapman, 2002; Südhof, 2002; Koh and Bellen, 2003) . However, molecular models for the presynaptic function of synaptotagmin I also need to account for the increase in asynchronous release observed in the absence of this protein. These observations can be explained by a model in which synaptotagmin I allows synaptic vesicles within the readily releasable pool to undergo synchronous fusion while another, highaffinity Ca 2ϩ sensor, possibly another synaptotagmin isoform, plays a similar role in directing these vesicles to fuse via an asynchronous mechanism (Fig. 4) . This model is very similar to one proposed for the fast and slow components of secretion in adrenal chromaffin cells (Sørensen et al., 2003) . After a presynaptic action potential, entering Ca 2ϩ will bind to synaptotagmin I and/or to the high-affinity Ca 2ϩ sensor, with the result that fu- sion will occur with both fast and slow kinetics. Because both fusion pathways draw from a common pool of vesicles and a vesicle can fuse only once during a given Ca 2ϩ signaling event, these two mechanisms will compete with each other. The faster pathway would dominate in the wild-type neurons, but knockout of synaptotagmin I would yield the observed increase in the amount of release via the slow asynchronous pathway. This simple model cannot explain why the first component of transmitter release is slowed in knock-out neurons; additional studies will be needed to determine whether this is caused by slowing of the synchronous release mechanism or by speeding up of a component of asynchronous release.
Synaptotagmin I binds to the endocytotic protein AP-2 , and this interaction is thought to play an important role in endocytosis of synaptic vesicles in Caenorhabditis elegans, squid, and Drosophila Jorgensen et al., 1995; Poskanzer et al., 2003) . Therefore, we were surprised to observe that synaptotagmin I-deficient mouse neurons are able to take up FM dye just as well as wild-type neurons (Fig. 3B,C) . We suspect that this is attributable to compensation by other synaptotagmin isoforms, such as synaptotagmin III, VI, or VIII, that are also capable of binding to AP-2 (Ullrich et al., 1994; Li et al., 1995; Marquèze et al., 2000) . Thus, although synaptotagmin I has a unique function in synchronizing neurotransmitter release from mouse neurons, its role in endocytosis is apparently shared with other synaptotagmin isoforms.
